Background: Parrot feather (Myriophyllum aquaticum) is an amphibious macrophyte with an inducible heterophylly. M. aquaticum plants adapted to the emersed state have leaves with a distinct cuticle and water repellent properties. In contrast M. aquaticum plants adapted to the submerged state have leaves typical for submerged hydrophytes with a strongly reduced cuticle. The aim of the study was to evaluate if this heterophylly of M. aquaticum affects the results of macrophyte biotests. Therefore, the two model substances atrazine and 2,4-dichlorophenoxyacetic acid (2,4-D) were tested each with three M. aquaticum biotests, the only modified parameter being the adaptation time to submergence (0, 7, 28 days). Results: Root length was the most sensitive growth endpoint regarding the test substances atrazine and 2,4-D. Biotests with plants adapted to the submerged state show three times more sensitive results (EC50 7d 142.2 μg/L, EC50 28d 154.5 μg/L) than biotests with plants without an adaptation phase (EC50 0d 458.8 μg/L) in case of atrazine and five times more sensitive results (EC50 28d 46.9 μg/L, EC50 0d 246.3 μg/L) in case of 2,4-D. Apart from the differences in sensitivity, the differently adapted M. aquaticum plants show a completely different growth behavior. The growth rates based on shoot length were nearly ten times higher in the biotests with not adapted M. aquaticum plants than in the biotests with plants 28 days adapted to submergence. Additional measurements of the quantum yield of PSII could demonstrate that rapid growth in length is not based on photosynthetic carbon assimilation. Conclusions: The heterophylly of M. aquaticum affects significantly the sensitivity of aquatic macrophyte biotests and should be taken into account in the development of a standardized test design. The 2,4-D results show the importance of an additional macrophyte biotest to the Lemna test, where the no observed effect concentration (NOEC) value is more than 30 times lower (7 μg/L) than the NOEC value of Lemna in the literature (270 μg/L). Furthermore, the growth rate endpoint in macrophyte biotests should not be misinterpreted. Rapid shoot elongation of amphibious macrophytes, which become submerged, is mainly caused by ethylene-triggered endogenous processes that are not connected to photosynthetic carbon assimilation and appear to be part of a stress reaction to avoid adverse environmental conditions.
The German Federal Environment Agency developed recently an axenic, sediment-free macrophyte biotest with the Eurasian watermilfoil (Myriophyllum spicatum) [10] , and the SETAC expert group AMEG suggests a non-axenic macrophyte biotest with sediment with M. spicatum and Myriophyllum aquaticum as an additional test beside Lemna in herbicide risk assessment [11, 12] . Both Myriophyllum species are dicotyledonous, rooted macrophytes, which will be a meaningful compliment to the monocotyledonous, free-floating macrophyte Lemna. These species show high growth rates and a high potential of vegetative reproduction via scions and are relatively easy to handle in the laboratory [13, 14] , which are important qualifications for macrophyte biotests.
However, the development of a biotest with Parrot feather (M. aquaticum) should take account of its ecology. It is an amphibious macrophyte: it grows emergent in wetlands as well as submerged in water bodies. As an adaptation to these different environmental conditions, M. aquaticum reacts with a distinct heterophylly. Thus, M. aquaticum features two morphologically and physiologically different types of leaves according to the adaptation to its environment (for a deeper understanding of heterophylly of semi-aquatic macrophytes see [15] ). The solid leaves adapted to the emersed state show specific properties of helophytes; a distinct cuticle restricts evaporation and avoids the infiltration of pathogenic microorganisms. Moreover, the surface of emergent leaves of M. aquaticum has a special micromorphology, which causes the so-called lotus effect. The three-dimensional wax plates on the leaf surface are responsible for its water repellent properties [16, 17] . If M. aquaticum, which is adapted to the emersed state, gets submerged, an air layer covers the plant. Thus, there is no contact between the water respectively to the test medium in a biotest and the macrophyte (see Figure 1A or the video in Additional file 1). In contrast, the leaves of M. aquaticum adapted to the submerged state show specific properties of submerged hydrophytes (see the video in Additional file 2). The filigree pinnation and the reduced cuticle of the leaves improve their supply with carbon dioxide and dissolved nutrients directly from the water. This inducible heterophylly of M. aquaticum leads not only to two different morphological phenotypes (see Figure 1B ,C). It also affects the barrier trait of its cuticle. From the ecotoxicological point of view, the following question has to be asked: Does the heterophylly of M. aquaticum has an impact on the bioavailability of the test substances and therefore on the sensitivity of biotests with this species?
The aim of this study was to investigate this assumption with the two herbicides atrazine and 2,4-dichlorophenoxyacetic acid (2,4-D) as model substances. Atrazine represents photosystem II (PSII) inhibitors and is particularly suitable for validation of the PAM technique in macrophyte biotests, which allows detection of the quantum yield of PSII. This is an indication of the functionality and the efficiency of the photosystem and a powerful tool in addition to the growth parameters to detect stress in plants. In a recent comparative study [18] , the toxicity of atrazine was in the same range for M. aquaticum without the adaptation phase and Lemna minor (EC50 M. aquaticum 93.51 μg/L respective EC50 L. minor 121.85 μg/L). 2,4-D represents synthetic auxine herbicides, which are in the focus of the discussion regarding the necessity of additional macrophyte biotests [8, 9, 11] . Because of its selective mode of action, it is stated that the toxicity of 2,4-D to dicotyledonous macrophytes is underestimated by the Lemna test [8] .
Results and discussion

Chemical analysis of test medium (water)
The initial exposure with 2,4-D to the test systems reached 105% of the nominal loading measured 1 h after application. The water samples from the tests with atrazine showed 80 to 90% recovery of the nominal concentrations 1 h after application. The range of variation between the highest test concentrations of the three biotests were <1% for 2,4-D and 7 to 11% for atrazine. Averaged concentrations of 2,4-D were in the range of the nominal concentration. Averaged concentrations of atrazine were 7 to 18% below the nominal concentration (Table 1 ). 
Growth
The results of the growth endpoints (NOEC, LOEC, and ECx) are listed in Table 2 for the atrazine tests and in Table 3 for the 2,4-D tests. In both cases, the root length is the most sensitive endpoint. To visualize the impact of the adaptation time of the test organisms to the submerged state, the results of the root length endpoint are shown in Figure 2 . The sensitivities of the 7-day (EC50 142.2 μg/L) and 28-day (EC50 154.5 μg/L) adapted test organisms indicated by root length are about three times higher than the sensitivity of the test organisms without adaptation time (EC50 458.8 μg/L) regarding atrazine. The atrazine EC50 of the adapted M. aquaticum is in the same range as the EC50 of the related species Myriophyllum heterophyllum in the literature (EC50 132 μg/L [19] ), which is an exclusively submerged macrophyte. The 2,4-D treatment shows even higher differences in the sensitivity of the test organisms according to their adaptation state. The EC50 indicated by the root length of the 28-day adapted plants (EC50 46.9 μg/L) is about three times lower than the EC50 of the 7-day adapted plants (EC50 157.8 μg/L) and about five times lower than the EC50 of the plants without adaptation time (EC50 246.3 μg/L). The LOEC value indicated by the root length of M. aquaticum with a 28-day adaptation time is even 16 times lower than the LOEC value of M. aquaticum without adaptation to the submerged state.
In the axenic test system with M. aquaticum, recommended by Turgut and Fomin [20] , where the plants are cultured in the submerged state, the most sensitive endpoint is also the root length with an EC50 of 50 μg/L [21] , which is very similar to the EC50 of this study.
These results prove the thesis that the heterophylly of M. aquaticum has a significant influence to aquatic biotests. Particularly, the reduced cuticle of submerged macrophytes improves the bioavailability to organic and inorganic compounds in the aquatic environment. On the one hand, this study underlines the importance of the consideration of the ecological and morphological characteristics of aquatic macrophytes, which is with M. aquaticum only, using plants with adaptation to the submerged state. On the other hand, it attests M. aquaticum to be a sensitive macrophyte for herbicide risk assessment, when submerged preculture conditions are applied. In a study where the impact of 2,4-D on the growth of nine aquatic macrophytes were investigated [22] , the most sensitive species was Ranunculus aquatilis with an EC50 value of 92 μg/L (root length), which is twice as high as the EC50 of M. aquaticum in this study with plants adapted to the submerged state. Furthermore, the EC50 of Lemna gibba in the 2,4-D review report of the European Commission is 580 μg/L [23] more than ten times higher than the EC50 of M. aquaticum with 46.9 μg/L. The NOEC of 2,4-D regarding Lemna is 270 μg/L, while the NOEC regarding M. aquaticum in this study is 7 μg/L more than 30 times lower. The highest concentrations are shown for the three biotest adaptation times to submergence (0, 7, 28 days). Greater by a factor of 10.
Quantum yield of PSII
The results of the photosynthesis endpoint quantum yield of PSII ( Figure 3B and antagonism in view of the growth results. However, the interpretation of the quantum yield of PSII data has to take account that these measurements were only performed at the end of the tests, 7 days after application. In another macrophyte study with atrazine [13] , it was shown that the negative effect on the quantum yield of PSII caused by atrazine decreases with time. The fact that, 7 days after atrazine application, the inhibition of the quantum yield of PSII is higher in the unadapted plants than in the adapted plants is a hint that the entry into the plant had occurred at a delayed time.
Apart from the ecotoxicological view, the quantum yield of PSII results in combination with the shoot length results delivers a further step in understanding growth behavior of M. aquaticum. The highest growth rates occur at the non-adapted plants, while the lowest growth rates occur at the 28-day adapted plants (see Figure 3A) . Especially, the control group of the 28-day adapted plants shows very low growth rates (μ C 0.015). The shoot length growth rates of the plants without adaptation to the submerged state are nearly ten times higher (μ C 0.11, μ SC 0.14), but the quantum yield of PSII, which correlates with photosynthetic carbon assimilation [38] , is very similar, independent from the adaptation to the submerged state (see Figure 3B ). This leads to the syllogism that the high growth rates of the non-adapted M. aquaticum plants in this test cannot be explained only by carbon assimilation. 
Rapid extension growth
Now, we come to a second special ecological characteristic of some macrophytes, which has taken into account the development of a standardized macrophyte test with M. aquaticum. The super growth event of amphibious plants occurs when submerged. This rapid extension growth is an adaptation of many amphibious macrophytes from widely dispersed families to bring aerial parts which become submerged up to the water surface [24] . It is a hormone-regulated strategy to avoid flooding stress, where the gaseous plant hormone ethylene plays the key role [24, 25] in a complex interaction with abscisic acid, gibberellins, and auxins [26] . This rapid extension growth is based on cell elongation and accelerated cell division, which is attended by the consumption of energy and solutes [26] . The main source of this energy and solutes are storage compounds (starch) and the reallocation of dry matter [26, 27] . Partial O 2 shortage and CO 2 enrichment can amplify this stimulated elongation [28] . This explains why the control group without ethanol as a solvent shows less growth rate regarding shoot length than the solvent control and the treatment groups ( Figure 3A ) because already least concentrations of ethanol cause a decline in O 2 and increase of CO 2 in the water in consequence of its microbial degradation.
Hormesis
The last point is related to the discussion on the hormesis phenomenon. The growth rates of the 28-day adapted plants regarding shoot length show a significant increase at 40 and 160 μg/L, while the quantum yield of PSII shows a significant inhibition at these atrazine concentrations ( Figure 3 ). On the contrary, the stimulated growth of submerged macrophytes could be part of a strategy to avoid stress in the environment demands further discussion on how to handle such results in herbicide risk assessment. An increased growth rate of cultivated emersed and, in the test, submerged macrophytes appears more to be an indication of stress than a beneficial stimulation of growth. Atrazine for example has an influence on the auxin metabolism of plants [29, 30] , which also plays a role in the shoot elongation of submerged macrophytes [26] , while auxin herbicides, like 2,4-D, not only affect the auxin metabolism but also induce an increased ethylene biosynthesis [31, 32] .
Conclusions
The heterophylly of M. aquaticum has a significant impact on the sensitivity of aquatic macrophyte biotests with this species. M. aquaticum plants adapted to the emersed state show less sensitivity against the tested herbicides atrazine and 2,4-D than plants adapted to the submerged state. The distinct cuticle and the water repellent properties of emersed adapted leaves of M.
aquaticum reduce significantly the bioavailability of test substances. The study shows that M. aquaticum, when adapted to the submerged state, is suitable for a standard macrophyte test species and could be a complement to the Lemna test of high informative value. In particular, the root length endpoint shows within this biotest a high sensitivity to the tested herbicides (see also [33] ). Finally, this study put a spotlight on the growth behavior of aquatic macrophytes, in particular amphibious ones, and its consequences for ecotoxicological tests. High shoot growth rates of amphibious macrophytes, which become submerged, are primarily a result of hormone-regulated endogenous processes and only to a part a result of photosynthetic carbon assimilation.
Methods
Test design
The M. aquaticum test organisms were taxonomically identified by using a specific key for aquatic macrophytes [34] . They were cultivated in the emersed state under the same conditions regarding sediment, light, and temperature as the test conditions. They were irrigated with a Steinberg medium diluted 1:1 with deionized water (see Table 5 ). The two test substances atrazine and 2,4-D were tested in three different M. aquaticum biotests. The first test used emersed test organisms with no adaptation to the submerged state. The second test used plants, which were 7 days adapted to the submerged state before the test started. The third test used plants, which were 28 days adapted to the submerged state before the test started. For the adaptation phase, the head whorls of the plants (length 8 cm) were put in artificial sediment in a 40-mL beaker and were submerged into the Steinberg medium diluted 1:1 with deionized water. Similarly for the tests, three head whorls (length 6 cm) in 40-mL beakers with 50 g of artificial sediment were put in a high 2,000-mL beaker with 1,500 mL Steinberg medium diluted 1:1 with deionized water (see Figure 4) . To avoid floating of the head whorls, the artificial sediment was weighed with 2 g of quartz sand. The artificial sediment was composed of OECD sediment [35] , saturated with the Steinberg medium [36] according to [37] . The tests were performed in climate chambers with a constant temperature of 22 ± 2°C and a light/dark rhythm of 16/8. The light intensity was about 6,000 Lux. The atrazine application was performed with 0.009% ethanol as a solvent. The 2,4-D application was performed without a solvent. The nominal concentrations of atrazine were 10, 40, 160, and 640 μg/L. The nominal concentrations of 2,4-D were 7, 31.25, 125, 500, and 2,000 μg/L. Three 2,000-mL beakers each with three test organisms were used for one treatment group, control group (C), or solvent control group (SC). Thus, each treatment group consists of three replicates, and in total, nine individual plants are respectively pseudoreplicates. The duration was 7 days for all six tests.
Endpoints
The growth rates of the following endpoints were determined:
shoot length (cm) 3. root length by the longest root (cm)
The average specific growth rate for fresh weight and shoot length is calculated according to the following formula:
Because for root length N s would be 0, only a linear growth rate calculation is possible according to the formula:
μ is the average specific growth rate; N s , the fresh weight or shoot length at the start of the test; and N e , the fresh weight, shoot length, or root length at the end of the test.
Measurements of the quantum yield
At the start and the end of the atrazine tests, measurements of the quantum yield of the PSII were performed using a Mini-PAM (Walz GmbH, Effeltrich, Germany) with a leaf clip extension. The principles of this method are described in [38] [39] [40] . The quantum yield of the PSII correlates with photosynthetic carbon assimilation [38] and indicates inhibition of photosynthetic activity by a stressor [41, 42] . For these measurements, the test organisms had to be taken off the medium.
The average specific quantum yield of the PSII is calculated according to the following formula:
Φ PSII is the average specific quantum yield of the PSII; F m / , the maximum fluorescence, and F t , the steady state fluorescence.
Statistical analysis
The percentage inhibition of growth rate regarding fresh weight, shoot length, and root length is calculated for each treatment group with the following formula:
%I GR is the percentage inhibition of growth rate; μ SC , the average specific growth rate of the solvent control group; μ C , the average specific growth rate of the control group; and μ TG , the average specific growth rate of the treatment group.
Percentage inhibition of the quantum yield of PSII is calculated for each treatment group with the following formula:
where %I QY is the percentage inhibition of the quantum yield of PSII; Φ PSII SC , the average specific quantum yield of PSII of the solvent control group; and Φ PSII TG , the average specific quantum yield of PSII of the treatment group.
The lowest observed effect concentrations (LOEC) and the no observed effect concentrations (NOEC) were determined using Dunnet's multiple comparison test (oneway ANOVA). The EC50 estimations were conducted by non-linear regression analysis of the concentrationresponse curve. The data analysis in this study was performed with the software Graphpad Prism 5.0.
Chemical analysis
Analysis of atrazine and 2,4-D was based on [43] and [44] . Samples were taken 1 h after 2,4-D and atrazine application of the test and were refrigerated at −20°C. In the laboratory, 0.5 mL of the water samples was mixed with 0.5 mL methanol. The stock solutions and the highest test concentration of the test substances atrazine and 2,4-D were analyzed by high performance liquid chromatography, Agilent 1200, Santa Clara, CA, USA) with a Merck Supersphere C18E column (Darmstadt, Germany). As the mobile phase for the 2,4-D measurements, water, acetonitrile, and an acetonitrile buffer (pH 2.01) were used in a gradient of 40 to 70% acetonitrile in 15 min. The flow rate was 0.35 mL/min. The oven temperature was set at 40°C. The detection of 2,4-D was carried out at a wavelength of 227 nm. The mobile phase for the substance atrazine consisted of 68.5% water and 31.5% acetonitrile. The flow rate was 1 mL/min. The oven temperature was set at 40°C. The detection of atrazine was carried out at a wavelength of 225 nm. All concentration calculations were based on external standard samples. The measured samples were in the range of the calibration curves.
